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Method of reducing inter-symbol interference, a sigma-delta converter for performing this 
method and a storage medium conveying information generated by this method 



The invention relates to a method of reducing inter-symbol interference 
occurring at the digital to analog conversion of a one-bit digital signal stream. 

With a one-bit DA-converter a highly linear digital to analog conversion can 
be obtained, where it not for the inter-symbol interference (ISI) which distortion is caused by 
5 the DA converter. Inter-symbol interference occurs when the actual analog output of the DA- 
converter is not only dependent on the actual digital input code but also on previous digital 
input code. The result of this "memory" effect is that components not present in the digital 
input-code occur in the analog output of the DA-converter. 

Inter-symbol interference may e.g. be caused by the parasitic capacitance of 
10 the switched reference (e.g. current source) of the DA-converter and by the DC-offset of the 
operational amplifier to which the switched reference is supplied, with the result that an 
unavoidable extra charge packet is dumped to the output every time the DA-converter 
switches. When the digital signal is a one-bit digital signal stream, the DA-converter that 
returns the signal in analog form, switches a lot during the zero crossings of the signal and 
1 5 less in the signal peaks. Because one period of a sine wave has two zero-crossings and two 
peaks, the extra charge packets represent even (second) order distortion. 

In some cases the DA-converter loads its reference with the result that the 
reference itself contains even (second) order components. This second order signal on the 
DA-reference is multiplied with the input code resulting in an odd (third) harmonic distortion 
20 at the output of the DA-converter. 

A prior art method to reduce the inter-symbol interference is to switch the DA 
reference on during part of the clock period and off during the other part of the clock period. 
The extra charge packets are then present during every clock period, making their 
contribution a DC-signal in the output of the DA-converter. Drawbacks of this method are 
25 that the output signal of the DA-converter is less so that it must be increased to obtain the 
same output level, that switching costs power so that extra switching means extra power 
consumption and that the circuitry following the DA-converter must be able to deal with a 
"choppy 55 input signal. Also susceptibility to timing jitter increases. 
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The present invention provides a method that does not show these drawbacks 
and the method of reducing inter-symbol interference according to the invention, in which the 
generation of said one-bit digital signal stream comprising the steps of converting an input 
5 signal to said one-bit digital signal stream with a sigma-delta configuration of a low pass 
filter having an output coupled to the input of a quantizer whose output is fed back to the 
input of the low pass filter, is therefore characterized by generating a control signal that is 
representative of the density of the edges of the one-bit digital signal stream at the output of 
the quantizer, multiplying the control signal with said one-bit digital signal stream and 

10 applying the result of the multiplication together with the output of the low pass filter to the 
input of the quantizer. The invention provides a method to substantially reduce the edges of 
the one-bit digital signal stream during the zero crossings of the signal, thereby more evenly 
distributing the edges and thus reducing the signal content of the inter-symbol interference. It 
may be noted that in the prior art method mentioned above the inter-symbol interference 

15 reduction is done in the DA-conversion i.e. after the generation of the one-bit digital signal 
stream, with all the drawbacks mentioned earlier. In contradistinction therewith, in 
accordance with the present invention, controlling the generation itself of the one-bit digital 
stream does the reduction of the inter-symbol interference. 

The US patent 6,351,229 shows a sigma-delta converter in which, signal 

20 dependent, a pseudo random sequence is added to the input of the quantizer. This method is 
intended to avoid interference tones that would otherwise occur due to the regular character 
of the bit sequence generated by the converter and it does not substantially reduce the density 
of the edges in this sequence. 

It is also known to reduce the edges of pulse-width modulated signals which 

25 are intended to be applied to class D power amplifiers. Because in the class D amplifier each 
edge dissipates a certain amount of energy it is of importance to keep the number of edges as 
small as possible. However this known method may either cause substantial audio distortion 
or requires complicated digital circuitry. 

The method and arrangement according to the invention generates 

30 substantially less audio distortion and/or is easier to implement. Moreover the method and 
arrangement according to the invention are especially useful to reduce the edges at the very 
start of the digital traject i.e. during the analog to digital conversion of the signals. These 
reduced-edge signals may then conveniently be recorded in single bit digital format on a 
storage medium. 
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The invention further provides a one-bit sigma-delta converter for converting 
an input signal to a one-bit digital signal stream, said converter comprising a quantizer with 
an input and an output, a low pass filter whose output is coupled to the input of the quantizer 
and whose input is coupled to the output of the quantizer, thereby constituting a feedback- 
5 arrangement with the quantizer, means to supply the input signal to the feedback arrangement 
and means to derive the one-bit digital signal stream from the output of the quantizer, which 
converter is characterized by an edge-density controller connected to the output of the 
quantizer for providing a control signal indicative of the density of the edges of the one-bit 
digital signal stream, a multiplier for multiplying said control signal with the one-bit digital 
10 signal stream of the quantizer and means for applying the output of the multiplier to the input 
of the quantizer. 

The one-bit sigma-delta converter according to the present invention may be 
further characterized in that the edge-density controller comprises an edge-extractor 
connected to receive the one-bit digital signal stream of the quantizer, and a second low pass 

15 filter receiving the output signal of the edge-extractor and providing said control signal. The 
second low pass filter suppresses the inter-symbol interference in the frequency band of 
interest and shapes this interference to higher frequencies, just as the usual low pass filter of 
the sigma-delta modulator suppresses the quantization noise in the frequency band of interest 
and shapes this noise to higher frequencies. As is the case with the low pass filter of the 

20 sigma delta modulator, the second low pass filter gives more suppression of the interference 
if the order of the filter is higher. 

The one-bit sigma-delta converter according to the present invention may be 
still further characterized by a reference signal source connected to the second low pass filter 
for referencing the level of the control signal. The reference signal allows controlling the 

25 inter-symbol interference reduction that may be achieved. The reference signal may be a DC- 
value of either positive or negative value. The reference signal may also contain a time- 
dependent component. The reference signal may be either added to the input or to the output 
or to somewhere in-between the input and output of the second low pass filter. 

A simple implementation of a one-bit sigma-delta converter according to the 

30 invention is characterized in that the second low pass filter is an integrator and that the 

reference signal is applied with a polarity opposite to that of the edge-extractor pulses to the 
input of the integrator. In this configuration any edge in the digital bit-stream of the quantizer 
causes an increase in the control signal and any absence of an edge causes a decrease of the 
control signal. The end result is that the ratio between the amplitude of the edge-extractor 
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pulses and the amplitude of the reference signal determines the ratio between the clock- 
periods without edges and the clock-periods with edges, independent of whether the input 
signal to the converter is in a peak value or in a zero crossing. 

It may apparent that preferably the edge extractor extracts all the edges of the 
5 digital bit-stream. However, the extractor may also extract only a part of the edges e.g. only 
the rising edges or only the falling edges. Then the reference signal should be adapted 
accordingly. 

As already mentioned earlier the main advantage of the present invention is to 
more evenly distribute the edges over the clock periods of the digital output signal. This 

10 results in a substantial reduction of the inter-symbol interference in the frequency band of 
interest. An aspect that has to be taken into consideration is the inherent reduction of the 
maximum input signal level of the converter caused thereby. Because edges are added to the 
digital signal during the extreme values of the signal, the maximum input signal level with 
respect to full scale is reduced. In order to limit this reduction of the maximum input level the 

15 setting of the invented converter, especially of the reference signal mentioned earlier, is 

preferably so that the mean number of the clock periods comprising an edge is less than 40%. 
Whereas usually a one-bit digital signal generated by prior art sigma delta converters 
comprises an edge in about 65% of the clock periods, digital output signals generated in 
accordance with the present invention may preferably have an edge in about 20% of the clock 

20 periods. It may be noted that the present invention also covers a storage medium having 
stored thereon at least one signal track in one-bit digital stream format and which is 
characterized in that the number of clock periods comprising an edge in the one-bit digital 
stream of said signal track is less than 40% of the total number of clock periods of the one-bit 
digital stream of said signal track. In this application the term "signal track" shall mean an 

25 audio- or video-signal of at least one minute duration. When the program is read from this 
storage medium, the inter-symbol interference occurring during the digital to analog 
conversion of the one-bit digital stream is substantially less than the inter-symbol interference 
occurring during the digital to analog conversion of the one-bit digital stream from a prior art 
storage medium. 

30 It has to be noted that the one-bit digital stream, prior to being written on the 

storage medium, may be subjected to a coding step in order to better accommodate the signal 
to the writing process. The corresponding decoding takes place while the storage medium is 
read out and prior to the DA-conversion of the signal. In this case the advantages of the 
present invention are still maintained because not the edges on the storage medium but the 
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edges applied to the DA converter are the cause of the inter-symbol interference. Moreover,, 
if said coding step serves to compress the signal stored on the storage medium, the 
compression itself will be improved by the reduction of the edges in the signal to be 
compressed. 

5 A one-bit digital signal has the advantage of optimal linearity because only 

one reference (current source) is involved in the DA-conversion of such signal. The main 
disadvantage of a one-bit digital signal however is the large amount of quantization noise that 
is involved in the generation of the signal. The amount of quantization noise is substantially 
minimized if a multi-bit digital signal is used. The problem with a multi-bit digital signal is 

10 that a plurality of references is needed for the DA conversion and any inequality between 
these references leads to non-linear distortion of the analog signal. 

A substantial reduction of the non-linear distortion is obtained by Dynamical 
Element Matching, which is a known algorithm to use each of a plurality of references for the 
DA-conversion of each of the values of the signal. From Norsworthy S.R. and Schreier R. 

1 5 and Temes G.C. Delta-Sigma Converters, Theory, Design and Simulation. IEEE Press, New 
York, 1997 pp 260-264 it is known that in the implementation of such algorithm a multi-bit 
sigma-delta converter may be used comprising a plurality of interconnected one-bit sigma- 
delta converters each with a low pass Filter in feedback arrangement with one of a plurality of 
interconnected quantizer means, means to supply the input signal to said plurality of 

20 quantizer means and means to derive the multi-bit digital signal from the outputs of the 
plurality of quantizer means. In accordance with a further aspect of the present invention 
such multi-bit sigma-delta converter may be characterized in that each of the outputs of the 
plurality of quantizer means is connected to an edge detector for providing a control signal 
indicative of the edges of the one-bit digital stream at said output, a multiplier for multiplying 

25 said control signal with the one-bit digital stream of said output and means for applying the 
result of the multiplication to the respective input of the quantizer means. 

The invention will be described with reference to the accompanying figures. 



30 Herein shows: 

Fig. 1 a one-bit sigma-delta converter in accordance with the present 

invention, 

Fig. 2 a graph for explaining the operation of the one-bit sigma-delta converter 
in accordance with the present invention and 
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Fig. 3 an example of a multi-bit sigma-delta converter in accordance with the 
present invention. 



5 The one-bit sigma-delta converter of Fig. 1 comprises a sigma-delta modulator 

SD with an analog signal input I and a digital signal output O. An analog signal Si at the 
input I is applied through an addition point Pi to an analog low pass filter F and the filtered 
signal Sf is applied, through a second addition point P 2 , to a one-bit clock controlled 
quantizer Q which in this case may be in the form of a simple clock controlled comparator. 

10 Each time, when during a clock pulse the input signal to the quantizer exceeds a 

predetermined reference level ("zero"), the quantizer generates a +1 pulse and when this 
signal remains below said predetermined level the quantizer generates a -1 pulse. The one-bit 
digital output pulses So from the quantizer Q are transformed into analog pulses in a DA- 
converter H and subtracted from the analog input signal Si in addition point Pi. The well 

15 known result of this sigma-delta configuration is a lot of +1 pulses in the output signal So 
when the input signal Si is maximal positive, a lot of —1 pulses when the input signal is 
maximal negative and alternating +1 pulses and -1 pulses when the input signal is at or near 
zero. If the sigma-delta modulator is properly designed, the quantization noise generated by 
the quantizer is shaped to the frequency band between the frequency band of the input signal 

20 and half the clock frequency. To have sufficient space for the quantization noise the clock 
frequency should therefore be chosen sufficiently high. 

In particular the large amount of edges in the output signal S Q during the zero 
crossings of the input signal is a serious source of inter-symbol interference, not only in the 
DA converter H in the feedback path of the sigma-delta modulator M but also in any DA 

25 converter which has to convert the digital output signal So back into the analog format. In 
order to reduce the large amount of edges especially during the zero-crossings of the input 
signal, the arrangement of Fig. 1 comprises an edge-extractor E whose input receives the 
output signal So of the sigma-delta modulator. The edge-extractor produces, for the duration 
of one clock-period, a signal S E , which is "high" when the signal So has changed during the 

30 previous clock period and a "low" when this signal has not changed during the previous 
clock period. The edge-extractor E may e.g. comprise a XOR-gate with two inputs, one of 
which receives the signal So directly and the other receives the signal S Q through a clock- 
controlled D-flip-flop. The signal S E , which may be treated as an analog signal with for 
instance "high" = 1 Volt and "low" = 0 Volt, is subsequently applied to an addition point P 3 
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where a reference voltage V P of e.g. 0,2 Volt is subtracted from the signal S E . The result of 
the subtraction Se- Vp is 0,8 Volt when an edge has occurred during the previous clock 
period and -0,2 Volt when no edge has occurred during this period. Or, with other words, the 
mean value of the signal S E - V P will be zero when an edge occurs in 20% of the clock 
5 periods, positive when an edge occurs in more than 20% of the clock periods and negative 
when an edge occurs in less than 20% of the clock periods. 

An integrator N receives the signal Se - V P and produces a control signal Sc 
which rises in value when in the output signal So edges occur in more than 20% of the clock 
periods and which falls in value when edges occur in less than 20% of the clock periods. The 
10 control signal Sc is multiplied in a multiplier M with the one-bit signal So from the sigma- 
delta modulator and the output signal So x Sc of the multiplier is added to the output of the 
filter F in the second addition point P 2 . 

The operation of the combination of quantizer Q, multiplier M and addition 
point P2 is explained with reference to the diagram of Fig. 2. This diagram shows on the 
15 vertical axis the output value S Q of the quantizer (+1 or-1) and on the horizontal axis the 

value of the output signal Sf of the low pass filter F. The values given below are only by way 
of example and relative to the value of the output pulses. 

If the control signal Sc is zero also the output of the multiplier M is zero and 
the quantizer output So will switch between the points A and C of Fig. 2 under the control of 
20 small variations of he filter output signal SF. This is depicted in Fig. 2 by the thick lines. 

However, now assume that the edge-density controller G delivers a control 
signal Sc of value 0,3. 

a. When the quantizer output signal S 0 = -1 (and the filter output signal S F is 
substantially zero) the multiplier M delivers a signal So x S c = - 0,3 to the quantizer and the 

25 quantizer status remains unchanged (at point A in Fig. 4). Even when the filter output signal 
S F changes by small amounts, the multiplier output of - 0,3 will keep the output of P 2 
negative so that the status of the quantizer remains unchanged. 

b. Only when the filter signal Sf increases to S F = + 0,3 the output of addition 
point P 2 increases to 0 and the quantizer output switches to +1. The multiplier output 

30 becomes So x Sc = 0,3 and the output of P 2 further increases to S F + So x S c = 0,3 + 0,3 = 0,6 
(point B). 

c. This quantizer status is again maintained when the filter signal S F decreases to 
e.g. zero (point C of Fig. 2) or even when the filter signal decreases to - 0,25. 
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d. Only when the filter signal SF decreases to - 0,3 the output of addition point 

P 2 decreases to 0 and the quantizer Q switches to So = — 1, the multiplier output becomes So x 
S c = ~ 0,3 and the output of P 2 further decreases to -0,6 (point D). 

From the above it is apparent that the switching behavior of the quantizer is 
5 subject to hysteresis and highly reduced by the positive value of the control signal Sc. Only 
when the value of the filter signal S F comes above the value 0,3 or below the value -0,3, the 
quantizer will switch and an edge will occur in the output of the quantizer. The larger the 
value of the control signal S c is, the larger the value of the filter signal S F should be for the 
quantizer to switch. 

10 On the other hand it may easily be seen that when the control signal Sc is 

negative, the quantizer Q will switch easily at half the clock frequency even when the filter 
signal S F is zero. In this case the quantizer Q, the multiplier M and the addition point P 2 
together constitute an oscillator, which generates an edge at each clock pulse. However this 
large amount of edges will soon led to the built-up of a positive value of the control signal Sc 

1 5 so that the number of edges is strongly reduced by the mechanism described above. 

The control circuit with the edge-density controller G and the multiplier M 
limits the number of edges in the digital output signal So to a certain mean value. In the 
arrangement of Fig. 1 this mean value can be easily found because the mean value of the 
input signal to the integrator N has to be zero (otherwise the output signal Sc of the integrator 

20 would steadily rise or fall). When for instance the value of the signal S E is 1 in case of an 
edge and 0 in case of no edge and when the value of the reference voltage V P is 0,2 then, 
because the signal S E - V P to the integrator N should necessarily have zero DC-component, 
the signal S E will have 20% clock periods with S E = 1 and 80% clock periods with S E = 0. 
Consequently the control circuit has reduced the number of edges so that edges occur only in 

25 20% of the clock periods. For more edges the reference voltage V P has to be increased and 
for less edges this voltage should be chosen lower. 

The influence of the control circuit on the maximum input signal level of the 
converter may be illustrated as follows: 

Suppose that the reference voltage V p is set so that the output signal of the 

30 converter has an edge in 20% of the clock periods. Then this signal may contain the 
following cycles of ten clock periods: 

a. When the input signal to the converter is extreme positive: 

+1,+1,+1,-1,+1,+1,+1,+1,+1,+1. This cycle has two edges in 10 clock periods so that the 
number of clock periods having an edge is 20%. The value of the output signal is 9*+l + 1*- 
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1=8 that is 8/10 = 80% of maximal so that the maximum inpixt signal level has been reduced 
to 80% of full scale. 

b. When the input signal to the converter is zero: 

-1 9 -1,+1,+1,+1,+I 9 +1,-1,-1,-1. The cycle has again 2 edges in 1 0 clock periods so that the 
5 number of edges having an edge is again 20%. The output is S^+l + 5*-l = 0 

c. When the input signal is extreme negative: 

-1,-1, +1,-1 ,-1,-1,-1, -1,-1,-1. The cycle has again two edges in 1 0 clock periods so that the 
number of clock periods having an edge is 20%. The value of tlie output signal is 9*-l + 
1*+1 = -8, which is again 80% of maximal negative so that the maximum input level has 
10 been reduced to 80% of full scale. 

As a comparison it is presumed that the setting of the converter is so that edges 
occur in 50% of the clock periods: Then the following cycles may be generated: 

a. When the input signal to the converter is extrem e positive: 

+1 5 -1 ? +1 ? +1. This cycle has two edges in 4 clock periods so tha-t the number of clock periods 
15 having an edge is 50%. The value of the output signal is 3*1 + = 2 that is 2/4 = 50% of 
maximal so that the maximum input signal level has been reduced to 50% of full scale. 

b. When the input signal to the converter is zero: 

-1 ,+1, +1,-1. The cycle has again 2 edges in 4 clock periods so that the number of edges 
having an edge is again 50%. The output is 2*+l + 2*-l = 0. 
20 c. When the input signal is extreme negative: 

-1,-1,+1,-1. The cycle has again two edges in 4 clock periods so that the number of clock 
periods having an edge is 50%. The value of the output signal I s 3*-l + 1*+1 = -2, which is 
again 50% of maximal negative so that the maximum input signal level has been reduced to 
50% of full scale. 

25 These examples clearly show that reduction of tine edges result in an increase 

of the maximum signal level contained in the output signal. This reduction will also give a 
further reduction in the inter symbol interference generated during the digital to analog 
conversion of the signal. 

The reduced edge digital output signal stream So may be applied to any 

30 suitable digital signal processor, such as a storage medium represented in Fig. 1 by the 
compact disc J. The digital signal read from this storage medium is applied to a digital to 
analog converter K. Any inter-symbol interference generated irx the DA converter K is 
substantially shifted outside the frequency band of interest by itxe more even distribution of 
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the edges in the digital signal and substantially reduced by the reduction of the average 
number of edges in this signal. 

It may be noted that many modifications on the construction of the edge- 
density controller G can be made without departing from the scope of the invention. For 
5 instance, when the pulses delivered by the edge-extractor E are below zero when no edges 
occur, the reference voltage source Vp may occasionally be dispensed with. Furthermore, the 
loop filter N does not have to be an integrator. A second order low pass filter was tried and 
was found to be functional with better ISI-suppression performance than a First order low 
pass filter. In the case of a first or second order low pass filter the reference signal Vp may be 

10 subtracted from the output signal of the low pass filter instead of from its input signal. The 
reference signal V P does not have to be only a DC value. The addition of a time-dependent 
component to this reference signal makes it possible to widen or lower the spectral output 
component of the oscillator constituted by the elements Q, M, P2 and G. 

In Fig. 1 the invention has been illustrated with an analog sigma-delta 

15 modulator and with an analog control circuit. The invention is also applicable with a digital 
sigma-delta modulator and/or a digital control circuit. In that case the operations such as 
addition, multiplication, low pass filtering and edge extraction may be done with appropriate 
digital code. 

In the multi-bit sigma-delta converter of Fig. 3 corresponding elements with 
20 those of Fig. 1 have been given the same references. The converter of Fig. 3 is intended for 
directly driving a plurality of one-bit DA-converters. The DA-converters (not shown) are 
switched by one-bit output signals on the outputs d, 0 2 , O3 of the multi-bit converter. The 
input Si to the converter is a 2-bit digital signal having 4 possible values 0, 1, 2, 3. These 
values can be restored in analog format by three one-bit DA-converters. Because the 
25 references (the current sources) of these DA-converters usually are not exactly equal to each 
other, non-linear distortion arises during the digital to analog conversion. These errors may 
be reduced by a method known as "Dynamic Element Matching". By this method each of the 
analog references is alternately switched into operation for creating each of the analog values. 

For this purpose the multi-bit converter of Fig. 3 effectively comprises three 
30 one-bit sigma-delta converters, each with its own low pass filter F and with its own quantizer 
in feedback arrangement with its low pass filter. The three quantizers are combined in a 
vector-quantizer VQ. The vector-quantizer comprises a controller that is driven by the input 
signal Si and that in turn controls each of its quantizers in accordance with the desired DEM- 
algorithm. 
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In accordance with the invention each of the one-bit inputs to the vector- 
quantizer comprises an addition point P 2? an edge extractor E 5 an addition point P3 for the 
reference value V P , an integrator N and a multiplier M connected as described with reference 
to Fig. 1 . In this manner a multi-bit converter is provided that not only carries out the 
5 "dynamic element matching" to cope with the unequal references of the DA-converters, but 
also reduces the inter-symbol interferences caused by the memory effects inherent in these 
DA-converters. 

The multi-bit converter of Fig. 3 is only given by way of simplified example 
with 2 -bit input signal and 3 -bits output. Usually the bit-numbers of input and output signals 
10 will be larger with a corresponding larger number of interconnected one-bit sigma-delta 
converters. 



